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The desorption kinetics of molecular hydrogen (H2) from silicon (001) surfaces exposed to aqueous

hydrogen fluoride and remote hydrogen plasmas were examined using temperature programmed

desorption. Multiple H2 desorption states were observed and attributed to surface monohydride

(SiH), di/trihydride (SiH2/3), and hydroxide (SiOH) species, subsurface hydrogen trapped at

defects, and hydrogen evolved during the desorption of surface oxides. The observed surface

hydride species were dependent on the surface temperature during hydrogen plasma exposure with

mono, di, and trihydride species being observed after low temperature exposure (150 �C), while

predominantly monohydride species were observed after higher temperature exposure (450 �C).

The ratio of surface versus subsurface H2 desorption was also found to be dependent on the

substrate temperature with 150 �C remote hydrogen plasma exposure generally leading to more H2

evolved from subsurface states and 450 �C exposure leading to more H2 desorption from surface

SiHx species. Additional surface desorption states were observed, which were attributed to H2

desorption from Si (111) facets formed as a result of surface etching by the remote hydrogen

plasma or aqueous hydrogen fluoride treatment. The kinetics of surface H2 desorption were found

to be in excellent agreement with prior investigations of silicon surfaces exposed to thermally

generated atomic hydrogen. VC 2015 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4926733]

I. INTRODUCTION

Hydrogen is ubiquitous throughout all silicon microelec-

tronic fabrication processes including epitaxy,1 oxidation,2

etching,3 cleaning,4,5 chemical mechanical polishing,6 gate

oxide passivation,7 contact formation,8 and metallization.9

Accordingly, numerous ultrahigh vacuum (UHV) studies of

the interaction of hydrogen with atomically clean Si (001)

and (111) surfaces have been performed.10–19 While such

UHV studies have provided a greater fundamental under-

standing of the interaction of hydrogen with silicon surfaces,

they have largely been performed under conditions far

removed from those of typical semiconductor processes.1 In

this regard, we have utilized temperature programmed de-

sorption (TPD) to investigate the interaction of hydrogen

with Si (001) surfaces under conditions more representative

of semiconductor processes via ex-situ exposure to aqueous

hydrogen fluoride (HF) and atomic hydrogen from an in-situ
remote hydrogen plasma operated under milliTorr condi-

tions.20,21 Aqueous HF and related solutions are utilized

throughout silicon semiconductor device fabrication for a

variety of surface cleaning and etching processes.4

Similarly, remote hydrogen plasmas have received signifi-

cant research interest for cleaning of Si (Ref. 5) and other

surfaces22–25 and are now utilized in a variety of applications

throughout the semiconductor industry.26,27

It has been shown that molecular hydrogen (H2) has

essentially a zero sticking coefficient (S� 10�8) on atomi-

cally clean Si surfaces, while thermally generated atomic

hydrogen (H) has an initial adsorption sticking coefficient

(S0) of 1 that decreases with increasing coverage (h) accord-

ing to a S¼ 1 � h relationship.15 For UHV prepared, atomi-

cally clean Si (001)–(2� 1) surfaces exposed at room

temperature to thermally generated atomic hydrogen, silicon

monohydride (SiH) species form initially up to a coverage of

1 monolayer (ML ¼ 6.78� 1014 atoms/cm2).28 At higher

hydrogen exposures and coverage, the (2� 1) reconstruction

converts to (3� 1) due to Si–Si dimer cleavage and silicon

dihydride formation (SiH2).29 At a saturation coverage of

1.8–2.0 ML, trihydride species form on the Si (001) surface

and the symmetry converts to (1� 1).30

On heating such hydrogen saturated (1� 1) surfaces, the

trihydride species first desorb primarily as SiH4 and H2 via a

b3 desorption state at �375 �C.10,15 The kinetics for the b3

SiH3/SiH4 desorption have been reported to be first order

with an activation energy of 1.35 eV.31 At higher tempera-

tures, hydrogen desorption from the dihydride and monohy-

dride species occur as molecular H2 via b2 and b1 states
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at temperatures of �425 and 520 �C, respectively.10,11

The kinetics of b2 H2 desorption from dihydride species on Si

(001) surfaces have been studied in less detail with only one

report of second order kinetics with an activation energy of

�1.9 eV.13 In contrast, the kinetics of b1 H2 desorption from

monohydrides on Si (001) surfaces has been studied by

numerous investigators and demonstrated to be first order

with an activation energy of 2.0–2.5 eV.32 More detailed stud-

ies by Narita, however, have shown that for Si (001) surfaces

the b1 state is actually composed of two peaks.33–35 At low

hydrogen coverage (h< 0.4 ML), the lower temperature b1a

peak exhibits first order kinetics with Ed¼ 1.6 eV6 0.1 eV

(�¼ 7.7 6 4.1� 108 s�1), while the higher temperature b1b

peak exhibits second order kinetics with Ed¼ 1.8 6 0.1 eV

(�¼ 4� 3� 1011 ML�1s�1).33 The lower temperature b1a

peak was attributed to H2 desorption from doubly occupied Si

dimers (DOD), while the higher temperature b1b peak was

attributed to H2 desorption from singly occupied dimers

(SOD).34,35

In addition to surface silicon hydride species, UHV

investigations of the interaction of thermally generated

atomic hydrogen with Si (001) surfaces have identified the

presence of several other desorption states.36–39

Specifically, Hess has observed H2 desorption states at

330–360 �C just below the b2-dihydride state at 425 �C.36

These states were attributed to H2 desorption from subsur-

face B-H complexes formed with the boron p-type dopant

during atomic hydrogen exposure.40–42 The uptake of these

lower temperature desorption states increased with the sam-

ple temperature during atomic hydrogen dosing, suggesting

an activation barrier for subsurface H2 uptake. Kim

observed similar behavior for boron doped Si (001) where

in-situ H2 TPD of boron doped GSMBE Si (001) epilayers

showed desorption states at 330 and 470 �C in addition to

the b2 and b1 states at 405 and 515 �C, respectively.37 In

this case, the authors attributed the additional states to de-

sorption from SiH2 and SiH surface species with boron

back bonds. Foo has reported a similar effect, where an H2

desorption state at 480 �C was attributed to desorption from

SiH states with carbon back bonds.38 Lastly, Hess has

shown that surface roughening induced by Krþ ion bom-

bardment can lead to increased dihydride formation with a

saturation surface coverage in excess of 2 ML.39

Investigations of hydrogenated Si surfaces prepared via

various ex-situ aqueous treatments have also been

reported.43–46 These studies have shown that aqueous HF

and NH4F mixtures can produce hydrogen terminated surfa-

ces with various concentrations of mono, di, and trihydride

species. The exact concentration of the species is dependent

on the HF concentration, pH, and Si orientation. As an

example, Hiroshita and others have observed that the b1 and

b2 desorption states from boron doped, p-type Si (001) surfa-

ces treated with 1%–5% HF solutions exhibit similar inten-

sities.47 This is analogous to the hydrogenated Krþ ion

bombarded Si (001) surfaces in the study by Hess39 and has

been demonstrated by Thanh to be due to roughening of the

Si (001) surface by the HF solution.48

In this study, we specifically demonstrate that the coverage

and desorption kinetics of hydrogen species formed on Si

(001) surfaces by aqueous HF and remote hydrogen plasma

treatments exhibit both some similarities and differences rela-

tive to those for Si surfaces prepared and exposed to thermally

generated atomic hydrogen under pure UHV conditions. Si

(001) surfaces exposed to either thermal or remote plasma

generated atomic hydrogen both exhibit desorption states that

can be attributed to mono, di, and trihydride surface species.

The differences are related primarily to the relative coverage

of Si-H and SiH2/3 surface species and the appearance of addi-

tional desorption states that are attributed to subsurface spe-

cies and (111) surface facets formed during the various

remote H-plasma conditions investigated. We also observed

in this study the evolution of hydrogen during desorption of

surface oxide contamination unintentionally formed during

the remote H-plasma exposure. The kinetics for hydrogen de-

sorption from all the various surface species were determined

via a detailed kinetic analysis and compared to prior investi-

gations of hydrogen desorption from Si (001) exposed to ther-

mally generated hydrogen.

II. EXPERIMENT

The substrates and sample preparation procedures used in

these experiments have been described in detail else-

where;49–51 however, a brief overview is presented herein.

The Si (001) wafers utilized in these experiments were phos-

phorous doped, n-type with a resistivity of 5–10 X cm.

These wafers were first given a UV/ozone clean followed by

a HF/alcohol spin clean and then immediately loaded into a

vacuum loadlock.52 For comparison, one sample was given a

UV/ozone clean followed by dipping in dilute (10:1) HF.

The thus prepared Si (001) wafers were exposed to atomic

hydrogen (and various charged species) generated from an

inductively coupled, remote plasma system attached to the

vacuum load lock via a UHV transfer line.20,21 To generate a

range of hydrogen surface species and coverage, the time

and temperature of the remote hydrogen plasma exposure

was varied from 2 to 60 min and 150 to 450 �C, respectively.

The process gases in the remote plasma system flowed

through a quartz tube mounted at the top of the chamber.

The samples were located 40 cm below the center of the RF

coil. An in-line purifier and filter was used for further puri-

fication of the hydrogen. Sample heating in the plasma sys-

tem was achieved using a tungsten filament heater as

previously described.53 The H2 plasma was operated at

20 W and 15 mTorr.20 At this pressure, the plasma was

largely confined upstream of the sample, but a weak diffuse

glow was observed in the sample vicinity. Prior characteri-

zation of the H2 plasma has shown it to consist primarily of

H, Hþ, H2, and electrons. H2 to H dissociation efficiencies

and Hþ/H ratios of 50% and 10�4, respectively, have been

previously estimated for these plasma conditions.20 The H

flux to the surface was �1016 cm�2 s�1. The plasma density

was �108 cm�3, and the ion flux was �1012 cm�2 s�1. The

energy of the ions in the plasma is low with an average

characteristic energy of �223 �C.20
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TPD measurements were performed on both the ex-situ
wet chemical HF and in-situ remote H-plasma treated Si

(001) surfaces using a UHV gas-source molecular beam epi-

taxy (GSMBE) system designed for atomic layer epitaxy of

SiC thin films and attached to the same UHV transfer line as

the remote hydrogen plasma system.53,54 For the TPD meas-

urements, the GSMBE was equipped with a Hiden

Analytical 0–200 atomic mass unit (amu) quadrupole mass

spectrometer (QMS) fitted inside a differentially pumped

chamber having a 0.5 cm diameter opening.53 During the

TPD measurements, the sample holder/heater was positioned

<1 cm from the front of the QMS opening. The TPD experi-

ments were conducted to a maximum temperature of

�1000 �C using a heating rate of 20–60 �C/min generated by

a W filament heater positioned behind the Si wafer. During

each TPD measurement, the QMS solely monitored m/e�¼ 2

(H2) to maximize the data acquisition rate.54

To calibrate the hydrogen desorption signal from the

remote hydrogen plasma treated Si (001) surfaces, hydrogen

desorption from a Si (111)–(7� 7) surface exposed to a satu-

ration dose of atomic hydrogen from a hot rhenium filament

inside the GSMBE was also examined.54 The saturation sur-

face coverage of hydrogen from a Si (111) surface has been

previously determined to be 1.25 monolayer (ML¼ 7.8

� 1014/cm2) by Culbertson et al.55 By equilibrating the area

under the H2 TPD spectra from a saturated Si (111) surface

to 8.75� 1014/cm2, we were able to calibrate the hydrogen

desorption intensity against a known standard. As the defini-

tion of ML is different for Si (001) and (111) orientations,

all hydrogen coverage values are reported as ML Si (001)

and calculated as 7.8/6.8� Si (111) ML.

To ensure that all the desorbed species originated only

from the substrate and not from other surfaces (e.g., sample

heater), TPD measurements were also performed on clean

and thoroughly degassed Si wafers prior to TPD measure-

ments on the remote hydrogen plasma treated Si samples. In

these experiments, none of the desorption features observed

in the remote hydrogen plasma treated measurements were

noticed. Detection of species desorbing from the molybde-

num sample holder was minimized by the designed geome-

try of the experiment. Specifically, line of sight desorption

of species from the molybdenum sample holder into the

QMS was greatly minimized by the large diameter of the Si

sample substrate (2.54 cm) and the significantly smaller

QMS chamber opening (0.5 cm).53,54

Additional spurious effects may also occur in TPD

experiments such as electron stimulated desorption (ESD) of

H caused by electrons from the mass spectrometer ionizer.56

While enclosing the mass spectrometer in the differentially

pumped chamber may help to minimize this effect, we were

not able to independently bias the chamber opening to com-

pletely eliminate this effect. Thus, some ESD effects may be

present in our data. However, we feel this effect would only

contribute to our background H2 signal and not significantly

alter our conclusions.

Kinetic treatments of TPD spectra normally use the

Polanyi–Wigner desorption rate equation57,58

�dh=dt ¼ desorption rate ðDRÞ ¼ �dh
n exp ð�Ed=RTÞ;

(1)

where h¼ surface coverage, �d¼ desorption jump fre-

quency/pre-exponential, n¼ rate order, and Ed¼ desorption

activation energy. In principal, �d, n, and Ed can all be de-

pendent on h; however, most analyses assume these parame-

ters to be independent of h. Using the latter approach and

taking the logarithm of both sides of the above equation

accompanied by mathematical rearrangement, one obtains

lnðDRÞ � nlnh ¼ ln�d � Ed=RT; (2)

where if the correct rate order (n) is chosen, a plot of (ln

(DR) � nlnh) vs (1/T) yields a straight line and has a

slope of �Ed/R and a y-intercept of ln�d. The mathematical

methods used for analyzing (ln (DR) � nlnh) vs (1/T) were

identical to those of Parker et al.58 Once n, �, and Ed were

determined from the above analysis, fits to the experimental

data were generated by simply plotting dh/dt using the

Polanyi–Wigner equation and the extracted kinetic

parameters.

In-situ Auger electron spectroscopy (AES) and low

energy electron diffraction (LEED) measurements were also

performed before and after each TPD measurement to moni-

tor changes in surface structure and chemical composition.

The LEED and AES measurements were performed using a

separate vacuum system attached to the GSMBE and remote

H-plasma system via the same UHV transfer line.49 The

AES spectra were obtained using a beam energy of 3 keV,

collected in the undifferentiated mode and numerically dif-

ferentiated. LEED patterns were observed using an 80 eV,

1 mA beam.51

III. RESULTS AND DISCUSSION

A. Overview of results

In Fig. 1, we present an overview of five representative

H2 TPD spectra collected from Si (001) wafers after the ex-
situ UV/ozone and HF surface cleaning and after in-situ
remote H-plasma exposures performed for various times and

substrate temperatures. The spectra exhibit many similarities

and substantial differences. To make the similarities more

apparent, we have included in Fig. 1 markers for the approxi-

mate positions of the b1, b2, and b3 H2 desorption states

based on prior TPD investigations of hydrogenated Si surfa-

ces prepared via ex-situ HF and/or in-situ thermally gener-

ated atomic H. Although the pre-TPD LEED patterns

differed significantly for each of the spectra illustrated in

Fig. 1, (2� 1) LEED patterns were observed after TPD in all

cases (see Table I). Similarly, pre-TPD AES measurements

showed substantial variation in surface oxygen contamina-

tion (ranging from< 0.03 ML to> 5 ML). However, all

post-TPD AES measurements showed< 0.05 ML oxygen

contamination. Surface carbon contamination was constant

at< 0.02 ML pre/post-TPD.

Focusing on the H2 TPD spectrum collected from a Si

(001) wafer that received only an ex-situ UV/ozone and 10:1

05E115-3 King et al.: Hydrogen desorption kinetics for aqueous hydrogen fluoride 05E115-3
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HF dip clean [Fig. 1(a)], one can clearly distinguish the b1,

b2, and b3 H2 desorption states, respectively, at 510, 415,

and 350 �C, respectively, consistent with prior studies

of phosphorous doped, n-type Si (001).59 Similar to

Hirashita,47 we also observed the intensity of the b1 and b2

states from the 10:1 HF dip cleaned Si (001) surfaces to be

roughly equivalent. Based on the results of Thanh,48 this

indicates some roughening of the Si (001) surface by the HF

treatment. In addition to the b1–3 states, we observed contin-

ued H2 desorption at higher temperatures beyond the b1 state

(labeled c1,2 and d1–3). Such higher temperature H2 desorp-

tion states were observed for all of the H2 TPD spectra col-

lected from the Si (001) samples that were additionally

exposed to the in-situ remote H-plasma.

The origin of the higher temperature desorption states

observed in all the TPD spectra will be discussed further

later, but can be tentatively attributed to the release of hydro-

gen from residual carbon, oxygen, or fluorine surface con-

tamination. For the former, we note that similar higher

temperature desorption peaks have also been observed by

others for Si wafers hydrogenated ex-situ using aqueous HF/

NH4F chemistries.46,60–62 In this case, Pietsch49 has shown

for Si (111) and Kawase60 for Si (001) surfaces cleaned in

HF solutions that decomposition of carbon-hydride organic

surface contaminants can lead to a broad H2 desorption peak

from 300 to 700 �C (peaking at �450 �C). In addition,

Pietsch has shown using hydrophilic Si (111) surfaces

cleaned in NH4OH:H2O2:H2O solutions that the decomposi-

tion of surface silanol groups (Si-OH) can lead to broad H2

and H2O desorption from (200–700 �C) followed by a rapid

increase starting at 900 �C. Lastly, Tomita61 and Kinoshita62

have observed H2 TPD peaks at 580–600 �C that correlated

with the desorption of F2 and various SiFx species in the

same temperature range.

In this regard, we note that fluorine was not detected in

AES measurements of the Si (001) wafers post the ex-situ
UV/ozone and HF cleans, but as noted by Pietsch, AES gen-

erally has a relatively poor sensitivity to fluorine due to ESD

effects. For the same surfaces though, some carbon and oxy-

gen contamination was observed with �0.03 ML for the

UV/ozone and HF/alcohol spin cleaned surfaces and �0.1

ML for the UV/ozone and 10:1 HF dip cleaned surfaces.

This level of contamination is consistent with the levels pre-

viously described by Pietsch for similarly processed Si (111)

substrates.46 For the TPD spectrum of the UV/ozone and

HF/alcohol cleaned surface [see Fig. 2(b)], greatly dimin-

ished H2 desorption above the b1 state was observed with

only a small peak at �580 �C that we label c1. However, for

the UV/ozone and 10:1 HF dip clean surface with higher ox-

ygen contamination (�0.1 ML), greatly increased H2 desorp-

tion above the b1 and c1 states was observed along with

another desorption state we label as c2 [see Figs. 1(a) and

2(a)]. Based on the correlation to surface oxygen content and

the prior observations of Pietsch,4,46 we attribute the c1 and

c2 states to H2 and/or H2O desorption from surface silanol

(SiOH) sites. The latter can be detected in our H2 TPD spec-

tra due to fragmentation of desorbed H2O in the ionizer of

our QMS.63 As previously described by Pietsch,46 H2 and

H2O desorption from surface SiOH sites can occur via the

respective reactions: SiOHþ SiOH ! 2SiOþH2(g), and

SiOHþSiOH ! SiþSiOþH2O(g). We assign the former

to the c1 and postulate that the c2 may be related to the latter

due to the higher temperature and requirement for a Si-O

bond to be broken. Further support for this assignment will

be provided in Sec. III B covering a detailed kinetic analysis

of the TPD spectra shown in Fig. 1.

Examining the TPD spectrum for the Si (001) wafer that

was UV/ozone and HF/alcohol spin cleaned ex-situ and

exposed to the remote H-plasma in-situ at 150 �C for 2 min

[Fig. 1(b)], one can see that in addition to the b1–3 states,

more states appear in between the b1 and b2 states and at

temperatures > c2. The new states in between b1 and b2 are

attributed to H2 desorption from subsurface defects, while

the higher temperature state at 770 �C (d2) is attributed to H2

evolved during the sublimation of surface oxides (SiO) unin-

tentionally formed during the remote H-plasma process-

ing.46,64,65 For the former, we note that prior investigations

of remote H-plasma cleaned surfaces have shown that low

temperature (150 �C) H-plasma exposures can result in the

FIG. 1. (Color online) H2 TPD spectra from Si (001) wafers after (a) ex-situ
UV/ozone and 10:1 HF dip cleaning, or ex-situ UV/ozone and HF/alcohol

spin cleaning followed by in-situ remote H-plasma processing at (b) 150 �C
for 2 min, (c) 150 �C for 60 min, (d) 450 �C for 2 min, and (e) 450 �C for

60 min.

TABLE I. Summary of LEED and AES data.

Process LEED AES O contamination

UV/ozone and HF Pre-TPD: (1� 1) Pre-TPD: <0.03–0.1 ML

Post-TPD: (2� 1) Post-TPD: <0.05 ML

Remote H-plasma:

150 �C, 2 min

Pre-TPD: (1� 1) Pre-TPD: <0.05–0.1 ML

Post-TPD: (2� 1) Post-TPD: <0.05 ML

Remote H-plasma:

150 �C, 60 min

Pre-TPD: Diffuse (1� 1) Pre-TPD: <0.05–0.1 ML

Post-TPD: (2� 1) Post-TPD: <0.05 ML

Remote H-plasma:

450 �C, 2 min

Pre-TPD: (2� 1) Pre-TPD: <0.1–0.3 ML

Post-TPD: (2� 1) Post-TPD: <0.05 ML

Remote H-plasma:

450 �C, 60 min

Pre-TPD: None Pre-TPD: >5 ML

Post-TPD: (2� 1) Post-TPD: <0.05 ML
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formation of subsurface hydrogen-induced platelet defects

extending �25 nm below the plasma treated surface.66,67 For

the latter, we note that AES measurements performed after

the remote H-plasma exposure did show a slight increase in

surface oxygen content (0.05–0.1 ML) consistent with the

possible formation and then sublimation of surface SiO spe-

cies during the TPD measurement. Some unintentional oxi-

dation of the Si (001) surface during remote H-plasma

exposure using a similar experimental setup has been previ-

ously reported and attributed to SiO or OH erosion of the

quartz tube wall, or contamination produced by the interac-

tion of atomic hydrogen with the chamber walls.65

Additional support for both of the above assignments will be

provided later during the detailed kinetic analysis of these

spectra.

When the length of the 150 �C remote H-plasma process-

ing was increased to 60 min [Fig. 1(c)], the newly created de-

sorption states remained but changed slightly in position and

intensity. However, the b3 state completely disappeared, and

the LEED pattern post plasma exposure changed from a

clear (1� 1) to a diffuse (1� 1) pattern. The disappearance

of the low temperature b3 state and change in LEED pattern

with increased remote H-plasma exposure time at 150 �C
suggests that some surface etching and removal of surface

SiH3 groups occurred at 150 �C. This is consistent with prior

work by Carter and Montgomery that has shown etching of

Si (001) surfaces does indeed occur at these tempera-

tures.20,21 Using an in-situ QMS, they were able to observe

the formation of SiH4 etch products during remote H-plasma

exposure via monitoring SiH2 (m/e�¼ 30) produced in the

QMS ionizer by electron impact ionization. Significant SiH2

formation was observed when operating the remote H-

plasma in the presence of Si at 150 �C, while no SiH2 was

observed when a Si substrate was absent. Significant rough-

ening of the Si (001) surface during remote H-plasma expo-

sure at 150 �C has also been observed by Montgomery using

atomic force microscopy (AFM) and is additional evidence

of surface etching.21

Even more dramatic changes in the H2 TPD spectra were

observed for the Si (001) samples exposed to the remote

H-plasma at 450 �C. For a 2 min exposure, the b2 state com-

pletely disappeared and a broad desorption state from 170 to

370 �C appeared that partially overlaps with the b3 state [see

Fig. 1(d)]. Furthermore, a sharp, near exponential increase in

H2 signal started at 700 �C. For the 60 min, 450 �C remote

H-plasma exposure, the b1 state is nearly completely absent

and replaced by broad H2 desorption peaks at 650 and

850 �C [see Fig. 1(e)]. These changes in the H2 TPD spectra

also correspond to changes observed using LEED and AES

(see Table I). For LEED, a sharp (2� 1) pattern was

observed after the 450 �C, 2 min exposure, but no diffraction

pattern was observed after the 450 �C, 60 min remote H-

plasma exposure. AES measurements performed after the

450 �C, 2 min remote H-plasma treatment showed an

increase in oxygen content to 0.1–0.3 ML. However, a dra-

matic (>10�) increase in surface oxygen content to > 5 ML

was observed for the 450 �C, 60 min remote H-plasma expo-

sure. In both cases, a (2� 1) LEED pattern was observed af-

ter the TPD measurements and AES showed significantly

reduced oxygen content (<0.05–0.1 ML) relative to the pre-

TPD measurements.

The lack of a b2 H2 desorption state and the presence of a

(2� 1) LEED pattern for the 450 �C, 2 min remote H-plasma

exposure TPD spectrum is in agreement with prior stud-

ies.68,69 This indicates the Si surface is primarily terminated

with Si-H monohydride species and is consistent with the

substrate temperature during plasma processing being

slightly above the b2 dihydride desorption temperature.

These observations are also consistent with the QMS studies

by Montgomery and Carter where they observed the inten-

sity of the SiH2 (m/e�¼ 30) etch product generated during

remote H-plasma exposure decreased with decreasing sub-

strate temperature.20,21 Using AFM, Montgomery addition-

ally observed that remote H-plasma induced surface

roughening decreased with decreasing substrate tempera-

tures.21 At substrate temperatures> 450 �C, no subsurface

defects or increase in surface roughness was observed and

surface etching observed using the in-situ QMS was greatly

reduced.

Given the process temperature and lack of a b2 H2 desorp-

tion state, the lower temperature H2 desorption feature at

170–370 �C observed for the 450 �C, 2 min sample is surpris-

ing. However, this is consistent with H2 TPD spectra previ-

ously acquired from 6H-SiC (0001)–(3� 3) surfaces

exposed to identical remote H-plasma conditions.54 In this

case, a similar H2 desorption state was observed from 200 to

500 �C that corresponded with the etching and removal of a

Si–Si bilayer residing on the bulk terminated SiC (0001) sur-

face. Based on analogy to the Si (111) surface, the 6H-SiC

(0001)–(3� 3) H2 desorption state was attributed to b3 H2

and SiH4 desorption from SiH3 surface species. As we will

discuss further later, we similarly attribute the 170–370 �C
H2 desorption from the 450 �C, 2 min processed Si (001) sur-

face to b3 H2 and SiH4 desorption from SiH3 surface species.

This assignment thus suggests that while surface etching by

the remote H-plasma may be greatly reduced at 450 �C,

some generation of SiH3 surface species must still occur (at

least initially). This could presumably occur at surface

FIG. 2. (Color online) H2 TPD spectra from Si (001) wafers after ex-situ UV/

ozone and (a) 10:1 HF dip cleaning with �0.1 ML O, and (b) HF/alcohol

spin cleaning with <0.03 ML O.
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defects or microfacets created by the ex-situ UV ozone and

HF clean, or could be facilitated by the presence of surface

oxygen that was noticed to increase significantly after the

450 �C remote H-plasma exposure (see Table I). The obser-

vation of H2 desorption at <370 �C despite the 450 �C proc-

essing temperature is attributed to the quick ramp down of

the sample temperature after the remote H-plasma exposure

(>150 �C/min) and the presence during cooling of residual

SiHx etch byproducts and atomic H from the after glow of

the remote H-plasma.

As mentioned previously, the higher temperature H2 de-

sorption features observed at �650 and 800 �C for the Si

(001) surfaces exposed to the remote H-plasma at 150 and

450 �C are attributed to the release of hydrogen during the

decomposition and desorption of surface silanol and oxide

species. This is based on both the observation of significant

oxygen contamination post the remote H-plasma exposure

using AES and the prior results of Pietsch where significant

H2 evolution was observed from OH terminated Si surfaces

at similar temperatures.46 Additional support for this assign-

ment will be provided in Sec. III B where we perform a

detailed kinetic analysis of all the H2 TPD spectra in Fig. 1.

However, we do note that the significant increase in oxygen

observed in AES and oxygen related desorption features in

the TPD spectra at 450 �C vs 150 �C suggests that the source

of the oxygen contamination during the remote H-plasma ex-

posure is thermally activated. This could possibly be due to

greater heating and desorption of H2O from the surrounding

chamber walls or due to increased reactivity of the Si (001)

surface with background sources of oxygen.

B. H2 TPD kinetic analysis

For our kinetic analysis of the H2 TPD spectra in Fig. 1,

we start with the H2 TPD spectrum for the 450 �C, 2 min

remote H-plasma spectrum [Fig. 1(d)]. This is primarily due

to the absence in this spectrum of the b2 H2 desorption state

that overlaps with the b1 and b3 states and hence allows a

direct analysis of the kinetics of the b1 state, which has been

previously investigated in great detail.10–19

In Fig. 3, we present a plot of ln (DR) vs 1/T assuming a

range of desorption orders and covering the b1 temperature

range for the 450 �C, 2 min remote H-plasma exposed Si

(001) wafer. As can be seen, first order desorption kinetics

yields a straight line and linear regression analysis indicates

R2¼ 0.99. This is in excellent agreement with numerous

studies of the H2 desorption kinetics from Si (001) surfa-

ces.10–14 The activation energy and pre-exponential for de-

sorption determined from the slope and y-intercept of Fig. 3

were Ed¼ 2.55 6 0.05 eV and �1¼ 9 6 5� 1014 s� 1, respec-

tively. These values are likewise in excellent agreement with

the prior literature for the H2 b1 desorption state from Si

(001) surfaces.10–14 These kinetic parameters provide an

excellent fit to the initial portion of the observed b1 state, as

shown in Fig. 4.

In Fig. 5, we present a similar ln (DR) vs 1/T analysis for

the 170–250 �C H2 desorption observed in Fig. 4. In this

case, second order desorption kinetics gave the best linear fit

(R2¼ 0.99) and the activation energy and pre-exponential

for desorption were determined to be Ed¼ 1.0 6 0.05 eV and

�2¼ 2 6 2� 10�7 cm2/s, respectively. As shown in Fig. 4,

this well describes the initial portion of the 170–370 �C H2

FIG. 3. (Color online) Kinetic analysis described in text for H2 b1 peak in

Fig. 1(d) for Si (001) exposed to the remote H-plasma at 450 �C for 2 min.

Zeroth, half, first, and second order desorption kinetics were considered.

FIG. 4. (Color online) H2 TPD spectrum from Si (001) wafer exposed to the

remote H-plasma at 450 �C for 2 min deconvoluted into various H2 desorp-

tion states.

FIG. 5. (Color online) Kinetic analysis described in text for H2 b4 peak in

Fig. 1(d) for Si (001) exposed to the remote H-plasma at 450 �C for 2 min.

Zeroth, half, first, and second order desorption kinetics were considered.
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desorption, but does not completely reproduce this part of

the spectrum.

To completely reproduce the 170–370 �C H2 desorption

window in Fig. 4, we found it necessary to add a second H2

desorption peak centered at �310 �C. Due to significant

peak overlap, we were not able to perform a similar ln (DR)

vs 1/T analysis for this second peak. However, we found that

slightly higher, empirically determined values of

Ed¼ 1.1 6 0.05 eV and �2¼ 3.7 6 2� 10�7 cm2/s allowed

the lower temperature portion of Fig. 4 to be well repro-

duced. Due to the close correspondence in peak temperature

and Ed, we label this higher temperature state b3 and the

lower peak temperature state b4. The Ed for both states is

only slightly reduced relative to the value of 1.35 6 0.09 eV

previously determined by Greenlief et al. for first order

decomposition of surface SiD3 species using combined TPD

and temperature programmed static secondary ion mass

spectrometry measurements.69 In this case, we note that first

order kinetics were assumed in the Greenlief analysis rather

than deduced. We also note that the b3 H2 desorption state

has been previously correlated with simultaneous SiH4 de-

sorption from SiH3 surface states.10,15

The above analysis clearly supports our initial assign-

ment of the 170–370 �C H2 TPD spectrum to H2 desorption

from SiH3 related surface species. It also supports our

assertion that while surface etching by the remote H-

plasma may be greatly reduced at 450 �C, some generation

of SiH3 surface species that are precursors to the SiH4 etch

product must still occur. As for the origin of the b4 vs b3

states, we postulate that the former may be due to SiH3 spe-

cies originating from surface defects, roughness, or con-

tamination and the latter due to SiH3 species originating

from (001) terraces. We also note the possibility that the b4

state may be due to desorption of H2O adsorbed during

cool down. This would be consistent with the b4 state not

being observed in the 150 �C remote H-plasma TPD spectra

where less heating of the internal remote H-plasma cham-

ber surfaces occurred. The temperature range for the b4

state is also consistent with that for H2 observed during

H2O desorption from other surfaces.63,71,72 However, the

activation energy deduced for the b4 is two times that for

H2O desorption.63

As shown in Fig. 4, an additional b1b state and several

other peaks previously assigned to H2 desorption from sur-

face silanols (c1–3) and H2 evolved during SiO desorption

(d2,3) were required to reasonably reproduce the higher tem-

perature portion of the TPD spectrum for the 450 �C, 2 min

remote H-plasma sample. However, independent analysis of

the kinetics for each of these peaks was not possible due to

the significant overlap of these desorption states in this spec-

trum. In order to support the kinetic parameters utilized to fit

the remaining portions of the TPD spectrum in Fig. 4 (sum-

marized in Tables II and III), we rely on kinetic analysis of

the other TPD spectra in Fig. 1 where some of these states

are absent and/or more isolated from the others.

In this regard, we next examine the TPD spectrum for the

150 �C, 60 min remote H-plasma Si (001) wafer where the

b4 and b3 states are absent and hence direct analysis of the

observed b2 state is possible. Figure 6 presents the ln (DR)

vs 1/T analysis for the b2 peak in this spectrum where second

order kinetics provided the best linear fit (R2¼ 0.99). The

activation energy and pre-exponential for desorption were

determined to be Ed¼ 2.8 6 0.05 eV and �2¼ 3 6 2� 104

cm2/s, respectively. As shown in Fig. 7, these parameters

provide an excellent fit to the b2 peak for the 150 �C, 60 min

remote H-plasma spectrum.

TABLE II. H coverage for various H2 desorption states shown in Fig. 1 (in

ML¼ 6.78� 1014 atom/cm2).

Process b4 b3 b2 b1ss b1 b1b/b1* c1–3 d1–3 b4

UV/ozone and HF — 0.4 0.7 0.3 0.5 0.4 <1.7 — —

150 �C, 2 min — 0.5 0.5 0.8 0.7 1.2 — 0.3 —

150 �C, 60 min — — 1.0 0.4 0.7 — 2.5 — —

450 �C, 2 min 0.5 0.4 — — 0.4 0.4 2.8 3.2 0.5

450 �C, 60 min — — — — 0.2 0.2 0.9 18 —

TABLE III. Peak desorption temperatures, activation energies, and pre-exponentials for H2 desorption from Si (001) surfaces investigated in this study. Note:

the error bars represent the range of values determined for each state from all the presented TPD spectra.

State Assignment Order Tmax ( �C) Ed (eV) �d (�2 cm2/s) (�1 s�1)

b4 SiH3 Second 235 6 5 1.0 6 0.05a 2 6 2� 10�7

b3 SiH3 Second 330 6 20 1.25 6 0.15b 1� 10�661

b2 SiH2 Second 410 6 10 2.8 6 0.05a 3� 104.560.5

b1ss Subsurface defects First 480 6 5 2.35 6 0.05b 9 6 1� 1014

b1 SiH First 510 6 5 2.5 6 0.05a 9 6 1� 1014

b1b SiH First 540 6 10 2.6 6 0.05b 9 6 1� 1014

b1* SiH from (111) facets Second 555 6 5 3.6 6 0.05a 4 6 4� 105

c1 SiOH Second 575 6 5 2.55 6 0.05a 1 � 10�161

c2 SiOH Second 650 6 5 2.95 6 0.05b 1 6 1

c3 SiOH Second 720 6 10 3.45 6 0.05a 40 6 10

d1 SiO from SiO2/Si interface Second 660 6 5 2.2 6 0.05a 2 6 2� 10�5

d2 SiO from SiO2 First 760 6 10 3.5 6 0.05a 3 6 3� 1015

d3 SiO from SiO2 First 820 6 10 3.9 6 0.05b 2 6 2� 1016

aEd determined by ln (DR) vs 1/T analysis.
bEd determined via fitting of TPD spectrum.
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The observation of second order kinetics for the b2 state

is consistent with the kinetic analysis by Gupta70 of H2 de-

sorption from porous Si observed using Fourier-transform

infrared spectroscopy, and by Flowers of the b2 state in TPD

spectra from both Si (001) and (111) surfaces.13,16 However,

the activation energy for desorption of 2.8 eV determined for

the b2 state here is substantially larger than the value of

1.86 eV determined by Gupta and utilized in the Flowers

analysis. In this regard, we note that we were not able to

obtain a satisfactory fit to the b2 state in this study using the

Gupta and Flowers desorption parameters. We also note that

in both the Gupta and Flowers studies, the ratio of Si-H to

Si-H2 species was roughly 3:1, whereas in our study, the ra-

tio is closer to 1:1. The higher concentration of Si-H2 species

may be responsible for the observed higher b2 Ed and sug-

gests a surface coverage dependence for the Ed of this state.

As shown in Fig. 7, we found it necessary to incorporate

two b1 desorption states in order to reasonably reproduce the

H2 TPD spectrum above the b2 desorption state. In this case,

we utilized the pre-exponential and activation energy previ-

ously determined from Fig. 3 for the higher temperature b1

state and the same pre-exponential, but a slightly lower

activation energy of 2.4 eV for the lower temperature b1ss

state. The lower temperature b1ss state is attributed to H2

evolution/desorption from the previously mentioned subsur-

face defects created by the remote H-plasma exposure. The

slightly lower desorption temperature and activation energy

is consistent with prior observations by Hess and Kim of H2

desorption from subsurface B-H complexes and/or H-Si2B

surface species.36,37 At this point, it is also worth briefly dis-

cussing the higher Ed determined for the b2 state relative to

the b1 state even though the b2 state has a lower peak desorp-

tion temperature. This is attributed to the difference in the

desorption order for the two states. As shown by Schulze,

the activation energy for the b1 state would be substantially

higher (3.5 eV) if second order kinetics were assumed.15

To completely reproduce the H2 TPD spectrum shown

in Fig. 7, two additional higher temperature desorption

peaks (c1 and c3) centered at �570 and 700 �C were

required. The ln (DR) vs 1/T analysis for both peaks (not

shown) indicated second order desorption kinetics in

both cases. For the c1 state at 570 �C, the activation energy

and pre-exponential for desorption were determined to be

2.45 6 0.05 eV and 1 6 1� 10�2 cm2/s, respectively. For

the c3 state, Ed¼ 3.5 6 0.05 eV and �2¼ 50 6 50 cm2/s

were determined. Using these parameters, the H2 TPD

spectrum for the 150 �C, 60 min remote H-plasma exposed

Si (001) surface can be reasonably reproduced (see Fig. 7).

The desorption activation energy determined for the c1

state is in excellent agreement with the value of 2.4 eV previ-

ously determined for H2 desorption from isolated surface hy-

droxide species on dilute HF treated AlN surfaces.63 The c1

desorption activation energy is also in approximate agree-

ment with the value of 2.1 eV previously determined by

Proost for the desorption of H2O from isolated silanol groups

in spin on silicate glass films.71,72 In this regard, we do note

that the c1 state could represent primarily H2O desorption

since H2 (m/e�¼ 2) can be produced by electron impact

fragmentation of H2O in the ionizer of our QMS.63

However, either interpretation supports our assignment of

the c1 state to surface silanol groups.

The desorption activation energy determined for the c3

state is in reasonable agreement with the value of 3.2 eV pre-

viously determined for H2 evolved during the desorption of

surface oxides from AlN surfaces treated in dilute HF solu-

tions. It is also in excellent agreement with the values of

3.0–4.0 eV reported for SiO desorption from oxidized Si

(001) and (111) surfaces.73–80 For the latter, first order

kinetics have been primarily reported whereas second order

kinetics have been determined here for the c3 state. This sug-

gests the c3 state represents the recombination of two surface

SiOH species resulting in simultaneous SiO and H2 desorp-

tion via the following reaction: 2 SiOH! 2 SiO(v)þH2(g).

In Fig. 8, we present the TPD spectrum acquired from the

Si (001) wafer exposed to the remote H-plasma at 150 �C for

2 min decomposed into various desorption states. To repro-

duce the portion of the TPD spectrum below the labeled b1

state, we largely utilized the desorption kinetics previously

determined for the b1–3 states. For the lowest temperature

portion of the spectrum, we found that the b3 activation

FIG. 6. (Color online) Kinetic analysis described in text for H2 b2 peak in

Fig. 1(c) for Si (001) exposed to the remote H-plasma at 150 �C for 60 min.

Zeroth, half, first, and second order desorption kinetics were considered.

FIG. 7. (Color online) H2 TPD spectrum from Si (001) wafer exposed to the

remote H-plasma at 150 �C for 60 min deconvoluted into various H2 desorp-

tion states.
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energy of 1.35 eV determined by Greenlief69 provided a

more visibly satisfying reproduction of the lower tempera-

ture portion of the spectrum in conjunction with the parame-

ters determined in this study for the b2 state. For the portion

of the TPD spectrum between the b2 and b1 states, we found

it necessary to utilize three b1 states with identical pre-

exponentials but increasing activation energies of 2.3, 2.4,

and 2.5 eV. As for the 150 �C, 60 min spectrum, we attribute

the lower temperature b1ss states to H2 desorption from sub-

surface defects states.

Slightly above the highest temperature b1 state lies a sec-

ond H2 desorption state at 550 �C that we have labeled the

b1* state. Based on prior assignments and the peak tempera-

ture of the b1* state, it is tempting to attribute it to the c1

state. However, the ln (DR) vs 1/T analysis of this peak indi-

cates second order desorption kinetics with a completely dif-

ferent desorption activation energy and pre-exponential of

3.6 eV and 4� 105 cm2/s, respectively. In conjunction with

the parameters utilized for the other b1–3 states, the derived

b1* parameters provide an excellent reproduction of the

lower temperature portion of the TPD spectrum in Fig. 8.

Due to the known surface etching that occurs at this tem-

perature by the remote H-plasma, one possibility is that the

b1* state represents H2 desorption from monohydride sur-

face species present on (111) facets created during the

remote H-plasma exposure. H2 desorption from Si (111)

surfaces has generally been reported to occur at a slightly

higher temperature relative to the (001) surface and second

order H2 desorption kinetics from Si (111) surface have

been consistently reported.54 Unfortunately, the activation

energy determined for the observed b1* state is substan-

tially higher than the values of 2.5–2.7 eV typically

reported for monohydride desorption from Si (111) surfa-

ces. In this regard, we do note that the previously reported

activation energies for monohydride desorption from Si

(111) do provide an approximate fit to the b1* state in Fig.

8. This suggests that there is some relation between the

observed b1* state and the Si (111) b1 state with the higher

activation energy for the b1* state possibly representing

some other intermediary surface facet created by remote H-

plasma etching of the Si (001) surface.

Another possibility is the b1* state is related to a b1b state

previously observed by Narita and attributed to H2 desorp-

tion from SOD.33 As previously discussed, Narita has shown

that for Si (001) surfaces the b1 state is actually composed of

two peaks: a lower temperature b1a peak attributed to H2 de-

sorption from DOD and a higher temperature b1b peak attrib-

uted to H2 desorption from SOD.33–35 The lower

temperature b1a state exhibits first order kinetics while the

higher temperature b1b state exhibits second order kinetics.

This is consistent with our observations for the b1 and b1*

state. However, the b1b Ed of 2.15 6 0.27 eV determined by

Namiki for 1 ML coverage is substantially smaller than the

value determined here.33

Above the b1* state in Fig. 8, another H2 desorption state

was observed at �770 �C that we have labeled d2 and attrib-

uted to H2 evolved during desorption of surface SiO species.

The ln (DR) vs 1/T analysis presented in this case indicates

first order kinetics with an activation energy and pre-

exponential of 3.55 6 0.05 eV and 3 6 3� 1015 s�1, respec-

tively. As shown in Fig. 8, these parameters provide an

excellent reproduction of the d2 state and the remaining

150 �C, 2 min TPD spectrum.

We next examine the various desorption states that com-

prise the H2 TPD spectrum acquired from the 450 �C, 60 min

remote H-plasma Si (001) surface. We first note the lack in

Fig. 9 of any b1ss desorption states attributed to subsurface

defect states. This is consistent with the TPD spectrum in

Fig. 4 for the 450 �C, 2 min remote H-plasma treated surface

and prior TEM investigations that have shown the absence

of such defects for 450 �C remote H-plasma treated Si (001)

surfaces.21

As shown in Fig. 9, the parameters previously determined

for the b1 state reasonably reproduced the initial small rise in

H2 desorption starting at �450 �C. In this case, two b1 states

were again needed to reproduce this portion of the TPD

spectrum, but with the higher temperature state having a

slightly higher activation energy of 2.65 eV. A similar higher

temperature b1 state was also observed in the 450 �C, 2 min

remote H-plasma TPD spectrum (see Fig. 4). Due to the

lower Ed and closer correspondence with the results of

Namiki,33 we have labeled these two higher temperature b1

states b1b. However, we do note that Namiki determined sec-

ond order kinetics for the b1b state whereas we found first

order kinetics for b1b allowed the H2 TPD spectra in Figs. 4

and 9 to be better reproduced. We also note that due to iden-

tical peak temperatures (�550 �C), it is possible that the b1b

and previously discussed b1* state are related.

Above the b1 states in Fig. 9, a broad H2 desorption peak

ranging from �550 to 700 �C can be clearly identified that

we have labeled the d1 state. The ln (DR) vs 1/T analysis of

this feature clearly indicates second order kinetics with a de-

sorption activation energy and pre-exponential of 2.2 eV and

2� 10�5 cm2/s, respectively. This activation energy is

extremely low relative to the values previously determined

for lower temperature desorption states. However, as we will

show, this value is consistent with prior investigations of the

FIG. 8. (Color online) H2 TPD spectrum from Si (001) wafer exposed to the

remote H-plasma at 150 �C for 2 min deconvoluted into various H2 desorp-

tion states.
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kinetics of oxide decomposition and SiO desorption from Si

surfaces.

To complete the fitting of Fig. 9 beyond the d1 state, we

found it necessary to add higher temperature c3, d2, and d3

states at �730, 755, and 815 �C. For the c3 and d2 states, we

utilized the parameters previously determined from the

150 �C, 60 min, and 150 �C, 2 min spectra, respectively. The

parameters for the d3 states were drawn from literature

reported values for the kinetics of surface oxide decomposi-

tion and SiO desorption from Si and other surfaces73–79 and

then empirically adjusted slightly to improve the visible

quality of fit. The optimum desorption activation energy

and pre-exponential values for the d3 state were determined

to be Ed¼ 3.9 6 0.05 eV and �1¼ 2� 1016 s�1, respectively.

Using these parameters and the H coverage summarized in

Table III, the 450 �C, 60 min remote H-plasma TPD spec-

trum was adequately reproduced.

Support for the kinetic parameters determined for the d1–3

states and the assignment to H2 evolved during desorption of

SiO species can be gained by examining prior investigations

of surface oxide desorption from Si (001) surfaces. As men-

tioned previously, Pietsch has shown that oxidized hydro-

philic Si (111) surfaces prepared using an ex-situ
NH4OH:H2O2:H2O clean exhibit a rapid increase in H2 de-

sorption starting at �900 �C that corresponds with a similar

increase in SiO partial pressure.46 Based on this correspon-

dence, Pietsch attributed the observed H2 signal to hydrogen

liberated during the decomposition and sublimation of the

oxide as SiO via the reaction SiþSiO2 ! SiO. A more

detailed study by Kobayashi et al. of the desorption of sur-

face oxides formed via various ex-situ treatments of Si (111)

surfaces has shown that SiO desorption can occur from 750

to 950 �C with the peak desorption temperature increasing

with increasing surface oxide thickness.73 These results are

consistent with the 450 �C, 60 min remote H-plasma TPD

spectrum where an exponential increase in evolved H2 was

observed starting at �700 �C and a significant decrease in

surface oxygen content after TPD was observed using AES.

More detailed modulated beam experimental investiga-

tions of the kinetics of SiO desorption from Si (111) and

(001) surfaces have largely reported first order desorption

kinetics, which is also consistent with the kinetics deter-

mined for the d2 and d3 states observed in this study.

However, the reported SiO desorption activation energies

have a bimodal distribution ranging from 2.4 to 2.8 (Ref. 74)

and 3.0 to 4.0 eV,75–77 while theoretical investigations have

largely pointed to higher desorption energies of 3.4–4.2

eV.78–80 The range in experimentally reported SiO desorp-

tion activation energies can be understood based on several

additional studies of the thermal decomposition of SiO2 on

Si (001) surfaces that have shown the process is not spatially

homogeneous. Specifically, several scanning Auger and

electron microscopy studies have shown that decomposition

of native (0.3 nm) and thin (5–50 nm) oxide films on Si (001)

occurs locally at the vacuum/SiO2/Si linear interface.81–83

The activation energy for the progression of this linear

boundary has been reported to be �2.0 eV and it has been

suggested that the activation energy for the SiþSiO2! SiO

reaction is 4.0 eV.83 This has been supported by detailed

TPD measurements performed by Sun that have shown SiO

desorption from a continuous (4.5 ML) oxide on Si (001)

occurs with a peak temperature of �875 �C, while desorption

of SiO from the clean Si (001) surface (� 1 ML O) occurs

at a lower temperature of �720 �C.84 For the higher tempera-

ture desorption peak, Sun determined first order kinetics

with an activation energy of 3.9 eV in agreement with the

higher activation energies previously determined using

modulated molecular beam techniques and our results for the

d3 state.75–77 While Sun did not determine the desorption

kinetics for the lower temperature TPD peak, it can be safely

assumed that the activation energy would be significantly

lower and, based on the peak temperature of �720 �C, closer

to the values of 3.0–3.4 eV for the c1,2 and d2 states that were

observed at similar temperatures in this study. These num-

bers would also be consistent with the lower range of values

reported for SiO desorption in the literature. Based on the

similarities in activation energies (2.0 vs 2.2 eV), it seems

reasonable to attribute the d1 state to SiO desorption from

the vacuum/SiO2/Si interface.74,81–83

The significant amount of hydrogen released during de-

sorption of surface oxides from Si (001) suggests that hydro-

gen plays a role in the desorption mechanism. In this regard,

we propose for the d1 state that SiO desorption occurs via a

reaction such as Si–SiþHOSiO ! SiþH2þSiO(v)þSiO.

This reaction would be consistent with the second order

kinetics observed in this study for the d1 state and prior

observations that surface oxide decomposition occurs at the

vacuum/SiO2/Si interface. For the d2,3 states where first

order kinetics have been observed, we postulate that H2

and SiO are liberated simultaneously through direct reaction

of surface silanols similar to that proposed for the c3 state

[i.e., 2SiOH ! 2SiO(v)þH2(g)]. The primary difference

between the two mechanisms is that c3 involves isolated

silanols (h< 1 ML) and is second order whereas d2,3

involves adjacent/pre-paired silanols (h< 1 ML) and is first

order.

Finally in Fig. 10, we illustrate that the TPD spectrum

from the ex-situ UV/ozone and 10:1 HF dip cleaned Si (001)

FIG. 9. (Color online) H2 TPD spectrum from Si (001) wafer exposed to the

remote H-plasma at 450 �C for 60 min deconvoluted into various H2 desorp-

tion states.
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surface can be well reproduced using the kinetic parameters

determined for the b1–3 and c1–2 states from the previously

examined remote H-plasma TDP spectra. As for the 150 �C
remote plasma spectra, we found it necessary to incorporate

three b1 states to completely fit the regions between the b2

and b1 states. In this case, we attribute the lower temperature

b1ss state to desorption of hydrogen dissolved in the substrate

during the aqueous HF treatment, and the higher temperature

b1b state to H2 desorption from lower index planes that may

have formed due to slight surface etching by the aqueous HF

treatment and/or b1 desorption from SOD.33 Evidence for

the former has been previously demonstrated by Thanh.48

For the UV/ozone and HF TPD spectrum, the observation

of only c1,2 states attributed to OH species and the lack of

d1–3 states attributed to surface oxides (SiO2) and SiO de-

sorption is consistent with the high SiO2 etch rate for aque-

ous HF solutions and previous demonstrations of the

resistance of HF processed Si surfaces to oxidation during

subsequent air exposure.45,46 However, based on the TPD

measurements performed by Tomita61 and Kinoshita62 on

aqueous HF processed Si (001) surfaces, it is possible that

the c1 state in Fig. 10 may also be related to some desorption

of fluorinated species such as F2, SiFx, or SiH3F. Both

authors have reported observing desorption of such fluori-

nated species at temperatures of �600 �C, which is in the ap-

proximate range of the c1 state. However, due to the high

reactivity of atomic hydrogen with fluorine, it is extremely

unlikely that the c1 state observed in the remote H-plasma

treated TPD spectra is related to desorption of fluorine

related species.25,85 Also, the activation energy of 3.7 eV for

SiF2 desorption from Si (001) reported by Engstrom86 is sub-

stantially higher than the values determined for the c1 and c2

states.

As some carbon contamination was noticed using AES

for all Si (001) surfaces investigated in this study, it is worth

also discussing the assignment of the c1–3 and other states

with respect to H2 desorption from carbon related surface

species. As mentioned previously, Pietsch46 and Kawase60

have observed and attributed a broad H2 and CH4 desorption

peak from 300 to 700 �C (peaking at ffi 450 �C) to residual

organic surface contaminants after ex-situ aqueous HF proc-

essing. This desorption state is too broad and at too low a

temperature to be attributed directly to any of the observed

states. As the carbon contamination was <0.02 ML, any H2

desorption from such states would likely only contribute to

the background H2 TPD signal.

In Table II, we have summarized the H coverage deter-

mined for all of the various individual b states observed as

well as the sum coverage for the c and d states. Excluding

the results from the 450 �C, 60 min sample that are mostly

related to H2 evolved from unintentionally formed surface

oxides, the H2 evolved from all the b states ranges from 2.1

to 3.8 ML. Counting just the H2 evolved from surface b sites,

the total H2 surface coverage ranges from 1.7 to 2.2 ML,

which is in excellent agreement with the saturation surface

coverage of 1.8–2.0 ML previously determined by Oura87

and Hess39 for Si (001). This indicates that approximately

1–2 ML of hydrogen is located below the outer most Si sur-

face in hydrogen generated defects.

Regarding the H2 evolved from the c and d states, the H2

coverage tracks with the amount of oxygen detected pre-

TPD using AES. However, the TPD H2 coverage exceeds

the AES O coverage in some cases by 2–10�. Some of this

is likely due to experimental errors and differences in surface

coverage calibration and calculation for TPD (H) and AES

(O). For AES, in particular, the surface coverage calculation

assumed a continuous layer/film. However, if the surface ox-

ide formed as islands or a discontinuous film, this could

result in a significant underestimation of the oxygen surface

coverage. It is also possible for a significant amount of

hydrogen to reside in a SiO2 island or film as SiOH. Both of

these observations would explain why the amount of H2

evolved from the c and d states exceeded that from the b1

state for the Si (001) surfaces exposed to 450 �C remote H-

plasma. Lastly, it is also possible for a significant amount of

hydrogen to reside at the Si/SiO2 interface. It is well known

that due to a lack of complete epitaxial registry between Si

and SiO2, a significant concentration of interfacial silicon

dangling bonds exists that could be terminated by hydro-

gen.88 The presence of such interfacial Si-H species could

allow the b1–3 coverage to still approach or exceed 1 ML

even with an overlying surface oxide.

IV. SUMMARY AND CONCLUSIONS

In summary, TPD has been utilized to examine both the

range of hydrogen related surface species formed on Si (001)

by ex-situ aqueous HF and in-situ remote H-plasma treat-

ments and the associated H2 desorption kinetics from these

surfaces. A wide range of H2 desorption states were

observed and attributed to surface mono/di/trihydrides,

hydroxides, oxides, and subsurface defects. For Si (001)

surfaces exposed to a remote H-plasma at 150 �C, H2 desorp-

tion from a mix of surface mono/di/trihydrides and subsur-

face states was observed. Remote H-plasma exposures at

temperatures of 450 �C were instead observed to result in H2

desorption from primarily monohydride surface states and

unintentionally formed silanol and surface oxides. The

FIG. 10. (Color online) H2 TPD spectrum from Si (001) with only the ex-situ
UV/ozone and 10:1 HF dip clean deconvoluted into various H2 desorption

states.
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kinetics for H2 desorption from all these states were found to

be in excellent agreement with those previously determined

for Si (001) and (111) exposed to O2 and thermally gener-

ated sources of H under pure UHV conditions.
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